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1 The creation of a conducting surface inversion layer through externally applied gate bias 
£ is an essential phenomenon for current conduction in MOS transistors. In the following 
?; section, we will examine the structure and the operation of the MOS Field Effect 
; Transistor (MOSFET). 

3.3. Structure and Operation of MOS Transistor (MOSFET) 

The basic structure of an n-channel MOSFET is shown in Fig. 3.8. This four-terminal 
device consists of a p-type substrate, in which two n + diffusion regions, the drain and the 
source, are formed. The surface of the substrate region between the drain and the source 
is covered with a thin oxide layer, and the metal (or polysilicon) gate is deposited on top 
of this gate dielectric. The midsection of the device can easily be recognized as the basic 
MOS structure which was examined in the previous sections. The two n + regions will be 
the current-conducting terminals of this device. Note that the device structure is 
completely symmetrical with respect to the drain and source regions; the different roles 
of these two regions will be defined only in conjunction with the applied terminal voltages 
and the direction of the current flow. 


Figure 3.8. The physical structure of an n -channel enhancement-type MOSFET. 

A conducting channel will eventually be formed through applied gate voltage in the 
section of the device between the drain and the source diffusion regions. The distance 
between the drain and source diffusion regions is the channel length L, and the lateral 
extent of the channel (perpendicular to the length dimension) is the channel width W. 
Both the channel length and the channel width are important parameters which can be 
used to control some of the electrical properties of the MOSFET. The thickness of the 
oxide layer covering the channel region, t ox% is also an important parameter. 

A MOS transistor which has no conducting channel region at zero gate bias is called 
an enhancement-type (or enhancement-mode) MOSFET. If aconducting channel already 
exists at zero gate bias, on the other hand, the device is called a depletion-type (or 



depletion-mode) MOSFET. In a MOSFET with p-type substrate and with n + source and 
drain regions, the channel region to be formed on the surf ace is n-type. Thus, such a device 
with p-type substrate is called an n-channel MOSFET. In a MOSFET with n-type 
substrate and with p + source and drain regions, on the other hand, the channel is p-type 
and the device is called a p-channel MOSFET. 
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Figure 3,9. Circuit symbols for n-channel and p-channel enhancement-type MOSFETs. 

The abbreviations used for the device terminals are: G for the gate, D for the drain, 
S for the source, and B for the substrate (or body). In an n-channel MOSFET, the source 
is defined as the n + region which has a lower potential than the other n + region, the drain. 
By convention, all terminal voltages of the device are defined with respect to the source 
potential. Thus, the gate- to- source voltage is denoted by V GS , the drain-to-source voltage 
is denoted by V DS , and the substrate- to- source voltage is denoted by V BS . Circuit symbols 
for both n-channel and p-channel enhancement-type MOSFETs are shown in Fig. 3.9. 
While the four-terminal symbolic representation shows all external terminals of the 
device, the simple three-terminal representation will also be used extensively. Note that 
in the simple MOSFET circuit symbol, the small arrow always marks the source tenninal. 

Consider first the n-channel enhancement-type MOSFET shown in Fig. 3.8. The 
simple operation principle of this device is: control the current conduction between the 
source and the drain, using the electric field generated by the gate voltage as a control 
variable. Since the current flow in the channel is also controlled by the drain-to-source 
voltage and by the substrate voltage, the current can be considered a function of these 
external terminal voltages. We will examine in detail the functional relationships 
between the channel current (also called the drain current) and the terminal voltages. In 
order to start current flow between the source and the drain regions, however, we have 
to form a conducting channel first. 

The simplest bias condition that can be applied to the n-channel enhancement-type 
MOSFET is shown in Fig. 3.10. The source, the drain, and the substrate terminals are all 
connected to ground. A positive gate-to-source voltage V GS is then applied to the gate in 
order to create the conducting channel underneath the gate. With this bias arrangement, 
the channel region between the source and the drain diffusions behaves exactly the same 
as for the simple MOS structure we examined in Section 3.2. For small gate voltage 
levels, the majority carriers (holes) are repelled back into the substrate, and the surface 
of the p-type substrate is depleted. Since the surface is devoid of any mobile carriers, 
current conduction between the source and the drain is not possible. 


62 by selective dopant ion implantation into the channel region of the MOSFET. For n- 

channel MOSFETs, the threshold voltage is increased (made more positive) by adding 

CHAPTER 3 cxtra P- | yP e impurities (acceptor ions). Alternatively, the threshold voltage of th n- 

channel MOSFET can be decreased (made more negative) by implanting n-type impu- 
rities (dopant ions) into the channel region. 

The amount of change in the threshold voltage as a result of extra implants can be 
approximated as follows. Let the density of implanted impurities be represented by N E 
[cm" 2 ]. Assume that all implanted ions are electrically active, i.e., each ion contributes 
to the depletion region charge. Then, the threshold voltage V ro at zero substrate bias ( V SB 
= 0) will be shifted by an amount of qNjlC^. This approximation obviously neglects the 
variation of the substrate Fermi level 0 F as the result of extra implants , but it nevertheless 
provides a fair estimate for the threshold voltage shift. 


Exercise 3.1 

Consider the following p-channel MOSFET process: 

Substrate doping N D = 10 15 cm* 3 , polysilicon gate doping density N D = 10^ W 3 , gate 
oxide thickness t ox = 650 A. and oxide-interface charge density N ox = 2* 10 10 cm* . Use 
e Si = i 1 .7e 0 and e ox = 3.97 £q for the dielectric coefficients of silicon and silicon-dioxide, 
respectively. 

(a) Calculate the threshold voltage V^, for V SB = 0. 

(b) Determine the type and the amount of channel ion implantation which are necessary 
to achieve a threshold voltage of V TO = - 2 V. 


Note that, using selective ion implantation into the channel, the threshold voltage of 
an n-channel MOSFET can also be made negative. This means that the resulting nMOS 
transistor will have a conducting channel at V cs = 0, enabling current flow between its 
source and drain terminals as long as V cs is larger than the negative threshold voltage. 
Such a device is called a depletion-type (or normally-ori) n-channel MOSFET. We will '-v 
see several practical applications for depletion-type nMOS transistors in the design of f% # 

MOS digital circuits. Except for its negative threshold voltage, the depletion-type n- ;^:y- 
channel MOSFET exhibits the same electrical behavior as the enhancement-type n- 
channel MOSFET. Figure 3.13 shows the conventional circuit symbols used for deple- 
tion-type n-channel MOSFETs. !§|§ 
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MOS Transistor 



Stress conditions : 

V g =3V 
V d =BV 

stress time = 14 h 


2 3 4 s 
Drain Voltage (V) 


3.6. MOSFET Capacitances 

be applfcd for i^i^ 

conditions. In order to examine the tranTent SS^JSW^SS 


™ circuits consisting ofMOSFETs, on the other hand, we have to determine the nature and 

the amount of parasitic capacitances associated with the MOS transistor. 

CHAPTER 3 The on-chip capacitances found in MOS circuits are in general complicated func- 

tions of the layout geometries and the manufacturing processes. Most of these capaci- 
tances are not lumped, but distributed, and their exact calculations would usually require 
complex, three-dimensional nonlinear charge- voltage models. In the following, we will 
develop simple approximations for the on-chip MOSFET capacitances that can be used 
in most hand calculations. These capacitance models are sufficiently accurate to repre- 
sent the crucial characteristics of MOSFET charge- voltage behavior, and the equations 
are all based on fundamental semiconductor device theory, which should be familiar to 
most readers. We will also stress the distinction between the device-related capacitances 
and the interconnect capacitances. The capacitive contribution of metal interconnections 
between various devices is a very important component of the total parasitic capacitance 
observed in digital circuits. The estimation of this interconnect capacitance will be 
handled in Chapter 6. 

Figure 3.29 shows the cross-sectional view and the top view (mask view) of a typical 
n-channel MOSFET. Until now, we concentrated on the cross-sectional view of the 
device, since we were primarily concerned with the flow of carriers within the MOSFET. 
As we study the parasitic device capacitances, we will have to become more familiar with 
the top view of the MOSFET. In this figure, the mask length (drawn length) of the gate 
is indicated by L M , and the actual channel length is indicated by L. The extent of both the 
gate-source and the gate-drain overlap are L D ; thus, the channel length is given by 


L = L M -2L D (3.93) 


Note that the source and drain overlap region lengths are usually equal to each other 
because of the symmetry of the MOSFET structure. Typically, L D is on the order of 0. 1 j 
Jim. Both the source and the drain diffusion regions have a width of W. The typical ■ 
diffusion region length is denoted by Y. Note that both the source diffusion region and the 
drain diffusion region are surrounded by a p + doped region, also called the channel-stop 
implant. As the name indicates, the purpose of this additional p + region is to prevent the 
formation of any unwanted (parasitic) channels between two neighboring n + diffusion 
regions, i.e., to ensure that the surface between two such regions cannot be inverted. 
Hence, the p + channel-stop implants act to electrically isolate neighboring devices built 
on the same substrate. 

We will identity the parasitic capacitances associated with this typical MOSFET 
structure as lumped equivalent capacitances observed between the device terminals (Fig. 
3.30), since such a lumped representation can be easily used to analyze the dynamic 
transient behavior of the device. The reader must always be reminded, however, that in 
reality most parasitic device capacitances are due to three-dimensional, distributed 
charge- voltage relations within the device structure. Based on their physical origins, the 
parasitic device capacitances can be classified into two major groups: oxide-related 
capacitances and junction capacitances. First, the oxide-related capacitances will be 
considered. 
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Figure 3.29. Cross-sectional view and top view (mask view) of a typical n-channel MOSFET. 



Figure 3.30. Lumped representation of the parasitic MOSFET capacitances. 
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Oxide-related Capacitances 


It was shown earlier that the gate electrode overlaps both the source region and the drain 
region at the edges. The two overlap capacitances that arise as a result of this structural 
arrangement are called C GD (overlap) and C GS (overlap), respectively. Assuming that 
both the source and the drain diffusion regions have the same width W 9 the overlap 
capacitances can be found as 

C GS {overlap) ^C M W L 0 
Cooiove^^C^WLo 

with 

C« r =7 at (3.95) 

•or 

Note that both of these overlap capacitances do not depend on the bias conditions, i.e., 
* they are voltage-independent. 

Now consider the capacitances which result from the interaction between the gate 
voltage and the channel charge. Since the channel region is connected to the source, the 
.: drain, and the substrate, we can identify three capacitances between the gate and these 
regions, i.e., C s , C gd , and C b , respectively. Notice that in reality, the gate-to-channel 
capacitance is distributed ana voltage-dependent. Then, the gate-to-source capacitance 
C is actually the gate-to-channel capacitance seen between the gate and the source 
terminals; the gate-to-drain capacitance C d is actually the gate-to-channel capacitance 
seen between the gate and the drain terminals. A simplified view of their bias-dependence 
can be obtained by observing the conditions in the channel region during cut-off, linear, 
and saturation modes. 

In cut-off mode (Fig. 3.3 1 (a)), the surface is not inverted. Consequently, there is no 
conducting channel that links the surface to the source and to the drain. Therefore, the 
gate-to-source and the gate-to-drain capacitances are both equal to zero: C gs = C gd -0. 
The gate-to-substrate capacitance can be approximated by 

C^^Cn-WL (3.96) 

In linear-mode operation, the inverted channel extends across the MOSFET, be- 
tween the source and the drain (Fig. 3.31(b)). This conducting inversion layer on the 
surface effectively shields the substrate from the gate electric field; thus, C- b = 0. In this 
case, the distributed gate-to-channel capacitance may be viewed as being shared equally 
between the source and the drain, yielding 

C gs ^C gd ^C m WL (3.97) 

When the MOSFET is operating in saturation mode, the. inversion layer on the 
surface does not extend to the drain, but it is pinched off (Fig. 3.3 1 (c)). The gate-to-drain 
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capacitance component is therefore equal to zero (C gd = 0). Since the source is still linked 101 

to the conducting channel, its shielding effect also forces the gate-to-substrate capaci- 

tance to be zero, C gb = 0. Finally, the distributed gate-to-channel capacitance as seen MOS Transistor 
between the gate and the source can be approximated by 

2 

Table 3.6 lists a summary of the approximate oxide capacitance values in three different 
operating modes of the MOSFET. The variation of the distributed parasitic oxide 
capacitances as functions of the gate-to-source voltage V GS \s also shown in Fig. 3.32. 


(a) 


k - 






DAMN 















JQ 


SUBSTRATE Ip-Sl) 


(b) 


(unit 

iTTTTTJ 


CHANNEL 


•SUBSTRATE fe-5Q 


GATE 



Figure 3.31. Schematic representation of MOSFET oxide capacitances during (a) cut-off, (b) 
linear, and (c) saturation modes. 


102 Obviously, we have to combine the distributed C gs and C d values found here with the 

relevant verlap capacitance values, in order to calculate die total capacitance between 

CHAPTER 3 the external device terminals. It is also worth mentioning that the sum of all three voltage- 

dependent (distributed) gate oxide capacitances (C gb + C gs + C gd ) has a minimum value 
of 0.66 C ox WL (in saturation mode) and a maximum value of C QX WL (in cut-off and linear 
modes). For simple hand calculations where all three capacitances can be considered to 
be connected in parallel, a constant worst-case value of C ox W (L+2L^ can be used for 
the sum of MOSFET gate oxide capacitances. 
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Table 3.6. Approximate oxide capacitance values for three operating modes of the MOS 
transistor. 
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Figure 3.32. Variation of the distributed (gate-to-channel) oxide capacitances as functions of 
gate-to-source voltage V GS . 


